that some creature living in the depths of the ocean does not have a heat-shock response, but that is doubtful. The proteins are induced by a wide variety of other stresses, seem to have very general protective functions, and may well play a role in normal growth and development.
Man has long studied the effects of heat on himself and other living things, but studies of the heat-shock response per se began in 1962 with the publication of a little-noticed paper describing a new set of puffs on the salivary gland chromosomes of a fruit fly, Drosophila busckii, puffs induced by heat, dinitrophenol, or sodium salicylate (1). For the next decade the response was studied solely at the cytological level, but several important observations were made. Most notably, it was shown that the puffs were (a) induced by several other stress treatments (I-4), (b) produced within a few minutes (2, 3) , associated with newly synthesized RNA (1, 4), (d) found in other Drosophila species and in many different tissues (5, 6) , and (e) accompanied by disappearance of previously active puffs (2) (3) (4) . In 1973, Tissitres & Mitchell inaugurated the molecular analysis of the response by reporting that the induction of these puffs coincided with the synthesis of a small number of new proteins (7) . Investigations quickly shifted to Drosophila tissue-culture cells (8, 9) , far more amenable to biochemical analysis, and the pace accelerated.
From the first, the response was hailed as a model system for investigating gene structure and regulation. In this vein, investigations have proven extremely successful. The genes for the Drosophila hsps were among the first eukaryotic genes to be cloned (10) (11) (12) (13) (14) , to have their organization within the genome defined (10, (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) , to have their chromatin structure determined before and after activation (23) (24) (25) (26) , to have their regulatory sequences identified (27, 28) , and to have the transcription factors interacting with these sequences characterized (29) (30) (31) (32) (33) . Genes for one of the proteins, hsp70, provided one of the first convincing examples of gene conversion acting on an evolutionary time scale (34) . The response also provided one of the first examples of selective gene expression operating at the level of translation (35, 36) .
It was not until 1978-1979 that investigators, working on other organisms, discovered that heat and many other types of stress could induce the synthesis of similar proteins in cultured avian cells (37) , in yeast (38, 39) , and in Tetrahymena (40) . Within a few years similar responses had been reported in extraordinary variety of organisms. Investigations of gene structure and regulation in these organisms are proceeding apace and several interesting lessons have already been learned. We now know that some heat-shock genes have been very highly conserved during evolution, not only in their protein-coding sequences (41) (42) (43) (44) (45) , but also in their regulatory sequences (27, (41) (42) (43) (44) (45) (46) (47) (48) . Furthermore, it is now clear that the responses of different cells and organisms are regulated in different ways, reflecting their specific biological characteristics HEAT-SHOCK RESPONSE 1153 and providing a marvelous demonstration of biological versatility and adaptation (49) . Studies in Escherichia coli have led to the identification of a new sigma factor, suggesting that alternate sigma factors play a more general role in prokaryotic regulation than previously supposed (50, 51) .
Unfortunately, with respect to the question of function, investigations have met with less success. The ubiquity of the response and the remarkable conservation of some of the genes attest to their importance. Accordingly, much attention has recently been given to determining what the proteins do. There is now convincing, though by no means incontrovertible, evidence that the proteins provide protection from the toxic effects of stress. The specific protective mechanisms, however, have proven elusive quarry. The functions of only a few of the bacterial proteins have been established and these, for the most part, only in the context of their requirements for the growth of bacteriophage. Will this information prove relevant to eukaryotic cells? The answer is not clear.
Of course, the picture is far from bleak. Combining data from the genetic analyses of yeast and E. coli with data from the biochemical and immunological analyses of higher eukaryotes is beginning to yield important insights. Furthermore, awareness is growing that aspects of the response are directly pertinent to important human problems: the enhancement of agricultural productivity, the control of virulent dimorphic pathogens, the effective use of hyperthermia in cancer therapy, and the prevention of developmental anomalies caused by teratogenic agents. The third decade of research holds great promise.
CHARACTERIZATION OF THE RESPONSE

Comparison: Different Organisms and Stages of Development
Drosophila cells are normally grown at 25°C. Hsps are induced when the temperature is raised to 29-38°C, but the maximum response is observed at 36-37°C (52) . At such temperatures, heat-shock messages are produced within four minutes. Within an hour several thousand transcripts are present per cell (53) . At the same time, both the transcription of previously active genes (2, 54, 55) and the translation of pre-existing messages are repressed (36, 37) . Heat-shock messages appear in the cytoplasm within a few minutes of temperature elevation and are immediately translated with very high efficiency (53) . long as cells are maintained at high temperatures, hsps continue to be the primary products of protein synthesis. When cells are returned to normal temperatures, normal protein synthesis gradually resumes, the timing a reflection of the severity of the preceding heat shock (56, 57) .
The induction of hsps in other organisms is equally rapid, but the maximum induction temperature varies, correlating with the normal range of environmental exposure. In salmon and trout, the maximum response is observed at about 28°C (58) , in slime molds at 30°C (59, 60) , in sea urchins at 30-32°C (61) , yeast at 39--40°C (62) , in corn plants at 40-45°C (63, 64) , in cyanobacteria and E. coli (66) (67) (68) at 45-50°C, and in Halobacteria at 60°C (69) . In organisms that grow over a broad range of temperatures, the maximum response is usually achieved at 10--15°C above the optimum growth temperature. In organisms that grow over a more restricted range, maximum response occurs at about 5°C above the optimum.
The response appears to be transient in some organisms and sustained in others. The distinction may be largely artificial, based on the limited number of experimental parameters tested. In E. coli, the response is transient when cells raised at 30--37°C are shifted to 42°C, but sustained when they are shifted to 45-50°C (66-68) . In salmon the response is transient at 24°C and sustained 28°C (70) . In corn plants it is transient at 40°C and sustained at 45°C (71) . findings suggest the response will be transient in most organisms at moderate temperatures, with growth resuming after a temporary pause, and sustained at higher temperatures until cells slowly begin to die. The temperature range for a transient response may be very narrow in some organisms, and very broad in others.
There are several sources of confusion in the literature. (a) Transient responses are not completely transient. As hsps accumulate, their synthesis declines but plateaus at a higher level (68) . (b) In eukaryotes, close relatives the hsps are synthesized at normal temperatures. These have often been confused with the hsps themselves (43, (72) (73) (74) (75) (76) . (c) Hsps have characteristic relatively stable breakdown products. Hsp70, for example, is proteolytically reduced to doublets of ~40-44 kd (kilodaltons) and ~18-22 kd (77; Lindquist, unpublished observations). The breakdown products have sometimes been reported as novel hsps. (d) In order to achieve a rapid response, mammalian and avian cells are often given very short exposures to extreme temperatures, with the result that hsps accumulate only when cells are returned to normal temperatures. (e) The response is influenced by the metabolic state the cell. In the yeast Saccharomyces cerevisiae, for example, the response of fermenting cells grown at 25°C is transient at 36°C and sustained at 40°C; in respiring cells, the response is transient at 34°C and sustained at 36°C (62) . Synthesis is influenced by previous incubation temperatures. When Drosophila cells are shifted directly to high temperatures, the maximum response occurs at 37°C and very little synthesis is observed at 39°C. When the temperature is increased gradually (a regimen more likely to reflect natural environmental exposure), the response is extended by several degrees (52) . Similar results have been obtained in several other organisms.
In multicellular organisms the overwhelming majority of cells respond to heat in like fashion. In Drosophila, imaginal wing discs, the brain, Malpighian tubules, salivary glands, and tissue-culture cells respond identically (7) . In the HEAT-SHOCK RESPONSE 1155 rat, heart, lung, thymus, kidney, brain, liver, and adrenal gland produce a similar spectrum of proteins (78) . In maize, plumules, mesocotyls, radicles, and young leaves respond alike (71) . There are, however, important exceptions to this general rule. For example, in the rat, hsp70 cannot be induced in the brain until three weeks postpartum (78) , In chickens, lymphocytes produce the full spectrum of hsps, but reticulocytes produce only hsp70 (79) . In quails, hsp25 is not produced in myotubes, but is produced in undifferentiated myoblasts (80, 81) .
Development and differentiation have still another important effect on the response. Early embryos are incapable of producing hsps in fruit flies, sea urchins, mice, and frogs, species of.such evolutionary divergence as to suggest a universal phenomenon. The inability to respond begins with oocyte development or at the time of fertilization. In Drosophila, competence is achieved at the time of cellular blastoderm formation (82--84) ; in the sea urchin, at the hatchedblastula stage (85, 86) ; in the frog, at the late blastula/early gastrula stage (87, 88) ; and in mammalian embryos, at the morula/blastocyst stage (88a). Furthermore, mouse teratocarcinoma stem cells, equivalent in many ways to the pluripotent inner mass cells of the blastocyst, do not synthesize hsps in response to heat, but do so after being induced to differentiate with retinoic acid in vitro (89) or by subcutaneous implantation into mice in vivo (90) . Germinating pollen tubules are also unable to induce the synthesis ofhsps in response to heat (91) . Paradoxically, many early embryos appear to synthesize a subset of the hsps at normal temperatures. (For more on this subject, see Developmental Inductions below.)
The Proteins Induced by Heat
Heat-shock proteins are generally defined as those whose synthesis is sharply and dramatically induced at high temperatures. Such proteins will be considered in this section. At present, much of the literature remains disconnected phenomenology, but in several cases functional patterns are emerging. Throughout this discussion it is important to remember that the cellular response to heat is complex. Several reports have identified minor proteins whose synthesis is increased by heat (92) (93) (94) . Since very little is known about them, they will not be discussed here. Also, heat treatments at moderate temperatures, in which cells continue to grow and develop, produce complex readjustments of metabolism, with several pre-existing proteins increasing and others decreasing. The nature of these adjustments has been little studied.
the E. coli dnaK product. Note that many differences, especially among the eukaryotic proteins, are homologous substitutions---(R-K), (D-E), (A-G), There are regions of extraordinary conservation. For example, from amino acids 143 to 187, there are only two differences between the human and the Drosophila proteins, and only four between these and the E. coli protein. An interesting feature of the conservation of these genes is that there appears to have been a constraint on third codon substitutions. Several stretches of identity in the nucleotide sequence link the human and Drosophila genes (45) and suggest that aspects of their nucleic acid structure may be subject to selection. Concerning the diverged regions in the amino acid sequence, an unanswered question is what changes are due to flexibility in the sequence and what changes reflect selected biological adaptations in different organisms.
E. coli dnaK was originally identified as a host gene required for replication of bacteriophage lambda (96, 97) . It codes for an abundant protein in uninfected cells even at normal temperatures (98) . Synthesis accelerates immediately upon shift to high temperature, and then declines, after 20 minutes or so, to a new steady-state level that is proportional to growth temperature. Purified dnaK protein has a weak, DNA-independent ATPase activity (turnover rate: one ATP per molecule per minute), and is autophosphorylated at threonine (99) . Less than 5% of the protein is phosphorylated in vivo at normal temperatures.
Biochemical and genetic evidence indicates that dnaK is required for replication of lambda DNA. In in vitro assays the protein is required in very high concentrations and probably does not function catalytically. It appears to interact with both the lambda O and P proteins, the former stimulating, the latter inhibiting its ATPase activity (99) . The fact that it has not been possible obtain knockout mutations in the gene suggests it is essential for growth in E. coil (C. Gross, personal communication), but its normal cellular function is not known. When ts mutants of dnaK are placed at restrictive temperatures, RNA synthesis appears to stop before DNA synthesis (100) .
As demonstrated by Craig and her colleagues, the dnaK gene is unique (95) , but in Drosophila (72, 73) and Saccharomyces cerevisiae (43) , hsp70 genes belong to a multigene family whose members respond to temperature in different ways. Evidence now suggests that such is the case in all eukaryotes. A monoclonal antibody, produced against Drosophila hsp70, reacts with a group of proteins of approximately 70 kd in Drosophila, sea urchin, nematode, chicken, and human cells (S. Lindquist, R. Morimoto, unpublished observations). Some of these proteins are induced by heat, others are not. Two 70-kd heat-induced polypeptides in mammalian cells have distinct proteolytic cleavage patterns and induction profiles (101) (102) (103) Triple mutants of YG100, YG102, and YG106 have the same phenotype as the double mutant YG100/YG102, i.e. they are temperature sensitive for growth, but thermotolerant. Triple mutants of YG100, YG102, and YG107 fail to germinate. When other mutant combinations are analyzed and the proteins that are superinduced in them determined, a clearer picture of their functional relationships will emerge.
The Drosophila hsp70 gene family contains five or six members. Two, hsp70 and hsp68, are induced by heat shock, hsp70 several fold higher than hsp68 (14) . At normal temperatures, hspT0 is not detectable, but during incubation at high temperatures it becomes one of the major proteins stainable on polyacrylamide gels (107) . During heat shock it is concentrated primarily within nuclei and, secondarily, at cell membranes. During recovery from heat shock, the protein disappears from the nucleus and is found in the cytoplasm (108) . Evidence suggests that it is capable of self-degradation in vitro (77) . normal temperatures other members of the family are expressed at varying levels, and one appears to be developmentally regulated (75; 75a; E. Craig, K. Palter, personal communication).
Analysis of the hsp70 gene family of vertebrate cells is complicated. Different investigators have referred to the proteins by different molecular weight designations. Furthermore, the heat-inducible and the constitutively synthesized proteins have sometimes been confused. These problems should soon be alleviated by the analysis of cloned genes. Interesting stories are already emerging. For example, the sequence of one clone predicts a protein that is slightly larger than the others (-75 kd) containing a signal sequence at its end, typical of proteins inserted into the endoplasmic reticulum (H. Pelham, S. Munro, personal communication). It may be related to a 76-kd protein of plant cells, whose message is not translated in cell-free lysates (109) .
Most species produce at least two prominent heat-inducible proteins of --70 kd. One of these is also growth-regulated (110, 110a). When serum-starved cells are refed, synthesis of the protein is induced 12-14 hrs later, during S phase. It is a prominent protein in HeLa cells at normal temperatures, but not in WI38 cells (101, 112) . The activity of this gene is also induced by viral and cellular oncogenes (111) (112) (113) , perhaps through their effects on growth regulation. Monoclonal antibodies specific for this protein produce diffuse cytoplasmic and punctate nuclear staining at normal temperatures, with exponen-HEAT-SHOCK RESPONSE 1161 tially growing cells showing intense nuclear staining and quiescent cells very little. Nuclear staining is also intensified by heat shock (114) .
Polyclonal antibodies specific for the other heat-inducible 70-kd protein of mammalian cells also show both cytoplasmic and nuclear staining, but during heat shock and for a period immediately following it, the protein concentrates intensely in nucleoli (115) . When the Drosophila hsp70 gene is introduced into mammalian cells, the protein shows a very similar pattern of localization (116) . The functional significance of this localization was demonstrated by placing the Drosophila gene under the control of another promoter, so that it would be produced in the absence of heat shock. When cells containing this gene were treated with actinomycin to inhibit the production of endogenous hsps, then heat-shocked and allowed to recover, nucleolar morphology recovered much more rapidly than in cells not producing the Drosophila protein (117) . Taken together with observations on the effect of heat on hnRNAs (118, 119, 282a; see REGULATION OF THE RESPONSE, RNA Processing, below), the results suggest that the protein may catalyze the reassembly of RNP structures damaged by heat.
Cell fractionation experiments indicate that a portion of the nuclear hsp70, in Drosophila as well as in mammalian cells, is in a form that is resistant to salt extraction, and may be associated with the nuclear matrix (115, (120) (121) (122) . return to normal temperatures the protein relocalizes to the cytoplasm. Different laboratories report it associating with different cytoskeletal networks. It may be that hsp70 is promiscuous in its associations with other proteins or that different members of the family have different associations. Alternatively, variance in the results may simply stem from differences in experimental technique.
Members of the hsp70 family have acidic isoelectric points and similar tryptic peptide patterns in all species examined. Unfortunately, data are not yet available for a systematic comparison of other physical properties. The mammalian proteins bind ATP very tightly, a property that has recently been exploited to purify them (101). They are methylated at lysine and arginine residues (123) and bind the fatty acids palmitate and stearate in a 1 : 1 ratio (124) . Dictyostelium hspT0 is reported to be phosphorylated (125) , but attempts to detect phosphorylation of the chicken, mammalian, and Drosophila proteins have not been successful (126; S. Lindquist, unpublished results). The proteins have variously been reported to purify as monomers, directs, or in higher-order structures. Again, these differences may stem from several factors: confusion between the different 70-kd proteins, the variety of species analyzed, the different physiological states examined, or the multiplicity of techniques employed.
Recently, clathrin-uncoating ATPase (an enzyme that removes clathrin cages from coated vesicles) was identified as a constitutively synthesized Annual Reviews www.annualreviews.org/aronline member of the hsp70 gene family by (a) copurification with the HeLa 73-kd heat-inducible protein on ATP-agarose affinity columns, (b) partial proteolytic peptide mapping, (c) two-dimensional gel analysis and, most convincingly, (d) by antigenic cross-reactivity (127) . The immunogen was a synthetic peptide from a region of the protein that is conserved across species and between heat-inducible and constitutively synthesized members (positions 8-18 of the sequence in Figure 1 ). Recalling the ATPase activity of the E. coli dnaK product, the postulated nucleolar function of hsp70 (above), and hypotheses the complementary roles of ubiquitin and heat-shock proteins (below), it possible to envisage various members of the hsp70 family adapted to use the energy of nucleotide triphosphates to disaggregate or disassemble a variety of protein structures or aggregates in the cell. At present, however, this notion must be considered highly speculative.
Hso83 This is the second-most highly conserved heat-shock protein. The Drosophila and yeast proteins are 83 kd, and the related E. coli protein has an apparent molecular mass of 62.5 kd. Sequence comparisons of the Drosophila and yeast genes indicate 60% identity of amino acids (128, 129) . The Drosophila and E. coil genes have 36% amino-acid identity, but selected regions have conservation as high as 90% (J. Bardwell, E. Craig, personal communication).
All eukaryotic cells produce a prominent heat-shock protein in the range of 83 to 90 kd. Sequence data are not yet available for other organisms, but antibodies for chicken hsp89 cross-react with the human, mouse, frog, and Drosophila proteins (126) . In all cases, the protein has a moderately acidic (5.1-5.4). Biochemical characterization'of the protein is more extensive vertebrates than in other organisms. It is methylated at lysine and arginine residues (123) and is phosphorylated (128) . Cell-fractionation studies indicate that it is a soluble, cytoplasmic protein (121, 130) , and immunocytological localizations show diffuse cytoplasmic staining with no concentration in mitochondria or other organelles (132) . In most cells, it is abundant at normal temperatures and induced by heat, but abundance and inducibility vary in a tissue-specific way (134) . Rat cardiac cells and quail myotubes have very little of the protein, either at normal temperatures or during heat shock (80, 132) . Since it is also glucose-regulated, such tissue-specific differences in expression may relate to differences in energy metabolism (135) . In yeast, separate genes produce the constitutive and inducible forms (D. Finkelstein, personal communication), but the proteins are functionally homologous. Individual mutations in either gene are wild-type, but the double mutation is lethal. In higher eukaryotes it is not known whether the constitutively synthesized and the heat-inducible proteins are produced by separate genes.
To date, the most interesting property reported for this protein is its transient association with retroviral transforming proteins and steroid hormone receptor Annual Reviews www.annualreviews.org/aronline complexes. Immediately after synthesis, the transforming protein of Rous Sarcoma virus, pp6& re, is quantitatively associated with hsp89 and another protein, of 50 kd (136) (137) (138) . The complex is cytosolic, and in this form pp60 src is phosphorylated at serine residues, but not at tyrosines. In pulse-chase experiments, pp60 src simultaneously loses its association with hsp89, is activated as a kinase, is phosphorylated at tyrosine residues, and becomes associated with membranes (139, 140) . Similar results have been obtained with the tyrosine-specific protein kinases of the FSV and Y73 viruses (136) . Notably, the hsp90-pp50-pp60 src complex normally has a half-life of only 15 minutes. In various transformation-defective mutants of pp60 src, however, the complex is stable, and the protein neither associates with membranes nor becomes phosphorylated at tyrosines (139) .
Recently, monoclonal antibodies prepared against the 8S progesterone receptor revealed that hsp90 is a major component of the complex (141,141a) . Again, the association with hsp90 is transient. When the receptor is converted to the 4S form, it loses its association with hsp90, binds hormone more tightly, and acquires the ability to bind to DNA. Associations with a glucocorticoid receptor (141b), a membrane ATPase (142) , and with hspl00, a Golgi protein (143), have also been described, but not characterized in detail. These findings suggest that the protein may serve to shuttle important membrane proteins around the cell, holding them in an inactive form as it does so. Remember, however, that hsp90 is an abundant protein in most cells, and only a small portion of it is found in such complexes. The bulk of the protein sediments as a monomer, and immunoprecipitation reveals little association with other cellular proteins (131, 132) . Thus, a question arises: is it present in excess to ensure that all of its target proteins will be bound, or does it have some other purpose? SMALL HSPS All organisms produce one or more small hsps. They are a heterogeneous group. Even among different Drosophila species the size and number of the proteins vary (144) . Nevertheless, they can be considered homologous on the basis of (a) limited sequence relatedness, (b) similarities predicted protein structure, (c) similarities in intracellular distribution, and (d) the tendency to form particles of similar size and structure. In Drosophila melanogaster, four proteins of this class have been extensively characterized: hsp28, 26, 23, and 22 (19) (20) (21) (22) 145, 146) . Recently, though, additional proteins have been identified. They are regulated in a tissue-and stage-specific manner (146a). Yeast cells produce a single prominent protein of 26 kd (38, 62), nematodes, three proteins of 25, 18, and 16 kd (147) . Xenopus cells produce a single protein of 30 kd with heat shock, but the hybrid selection of messenger RNAs indicates that there may be a larger class of related proteins (44) . The small hsps are particularly prominent and heterogeneous in plant cells. In soybeans, messenger RNAs for 20 different proteins, ranging from 14 Annual Reviews www.annualreviews.org/aronline to 27 kd, accumulate to 20,000 copies per cell within two hours of heat shock (148) .
The small hsps of any given species show greater homology to each other than to the proteins of other species, suggesting a continuing process of homogenization through evolution, either by gene conversion or by repeated duplication and deletion. The soybean proteins sequenced to date have 90% identity (149) . The four Drosophila proteins have an overall homology of -50% (145, 146) . However, the Drosophila proteins have little homology with the soybean proteins, the most convincing being the sequence (asn or asp)-glyval-leu-thr found in the most hydrophobic domain near the carboxyl terminus. Intriguingly, the small hsps of most species show homology to a-crystallin lens protein. A region of 75 amino acids in lens crystallin has 50% identity with the Drosophila proteins (146) . The nematode hsps have greater homology with tx-crystallin than with the Drosophila hsps (147) . Antibodies produced against hsp24 of chicken cells cross-react with lens protein purified from embryonic chick (150) .
The homology with crystallin may relate to the capacity or the small hsps to form higher-order structures. Cytoplasmic particles containing the hsps complexed with small RNAs have been isolated from Drosophila and yeast during recovery from heat shock (151; A.-P. Ardgo, personal communication). During heat shock itself, the proteins concentrate in nuclei, where they are also associated with RNA (118, 122, (152) (153) (154) (155) (156) (157) (158) (159) . The particles are similar in size and structure to ones existing prior to heat shock, containing a similar, but not identical, group of proteins. They have a distinctive, circular, hollow-core morphology, identical to the prosome RNP particles of mouse and duck ceils (151, 155) . Similar particles containing the small hsps and RNA have been observed in tomato and corn cells, but these are larger and form both during heat shock and recovery (156, 157) .
The small hsps are modified, but, as with other proteins, there has been no systematic comparison of different species. The rat proteins, synthesized at normal temperatures and induced by heat shock, are phosphorylated exclusively at serine residues. Phosphorylation patterns differ in cells exposed to heat, sodium arsenite, calcium ionophores, phorbol esters, O r fresh serum (153, 158) . The plant proteins are both methylated and phosphorylated (159) .
Deletion and disruption mutations have been created in the Saccharomyces cerevisiae gene for hsp26, the major small hsp of this organism (159a) . Surprisingly, they have no affect on growth rates at any temperature, in rich or poor media, in respiratory or fermentative metabolism. Nor do they affect acquired thermotolerance in log or stationary phase. Moreover, although the protein accumulates at high concentrations in sporulating cells (75a, 160) , the mutations do not influence sporulation or germination at any temperature. It may be that yeast cells contain a related gene, which covers the hsp26 lesions, Annual Reviews www.annualreviews.org/aronline but, if so, it is not related enough to be detected by low-stringency DNA hybridization or by antigenic cross-reaction. Furthermore no other protein appears to compensate for it by increased synthesis. The function of this protein may be far more subtle than previously supposed.
uaIourr~N In both chickens and yeast, ubiquitin has recently been found to be heat-inducible (161; D. Findley, A. Varshavsky, personal communication). Considering the evolutionary divergence of these species, it is likely to be a more general phenomenon. Presumably, it was missed in other studies because proteins of such small size, 7-8 kd, are not usually resolved on gels. The potential significance of this finding is underscored by two others. First, mammalian cells containing a temperature-sensitive, ubiquitin-activating enzyme induce hsps at the nonpermissive temperature, a temperature which does not induce hsps in the parental cell line (162, 103) . Second, several E. coli hsps either are proteases themselves or affect the activity of proteases (see below). has been suggested that ubiquitin and the hsps are complementary methods of dealing with a common problem, i.e. the production of denatured protein aggregates in heat-shocked cells. Ubiquitin would remove them from the cell through its protease-targeting activity. Other hsps would either prevent the aggregates from forming or disaggregate them, once formed (162). Several other proteins that are induced by heat have been identified in individual organisms. In Drosophila, histone H2b is induced (170, 171) . mammalian cells, "y-interferon is induced (172) . And in yeast, enolase (173) and glyceraldehyde-3-phosphate dehydrogenase (L. Petko, S. Lindquist, unpublished information) are induced by heat.
OTHER liSPS OF EUKARYOTIC CELLS
OTHER liSPS IN E. COLI Several of the E. coli hsps have been identified. Certain of their properties are similar to those of eukaryotic hsps, but no direct homologies have yet been demonstrated.
The groE proteins were first identified as essential for the morphogenesis of Annual Reviews www.annualreviews.org/aronline bacteriophage. On the basis of mutant phenotypes and the mapping of bypass mutations, these proteins appear to be required for essential proteolytic cleavages occurring at different assembly steps in different phage. In lambda assembly, they interact with B protein, which forms the precollar ring connecting head and tail (174) (175) (176) (177) . In T4, the interaction is with the gene 31 protein at early step in coat-protein assembly for the head (174, 178) , In T5 morphogenesis, they are required for tail assembly (179) .
It is now known that the groE operon encodes two proteins, groES and groEL (15 and 65 kd, respectively), but, in the earlier literature, mutations mapping the two genes were not distinguished as such (180, 181) . GroES and groEL interact both in vivo and in vitro. Mutations in groEL can suppress multiple phenotypic effects of mutations in groES. And mutations in either gene yield similar phenotypic effects on phage assembly (182, 183) . In vitro, the two proteins cosediment in the presence of ATP, and purified groES protein inhibits the weak ATPase activity of the groEL protein.
As was the case for dnaK, the cellular functions of the groEL and groES proteins are not known. Ts-lethal mutations in these genes demonstrate that they are essential for growth at high temperatures, but, in the absence of deletion mutations, it is not certain that they are required for growth at normal temperatures. At high temperatures they account for an astounding 15 % of total cellular protein (98, 184) . Even at normal temperatures, they are among the most abundant proteins in the cell. Mutations have pleiotropic effects, altering permeability, causing filamentation, and disrupting normal patterns of DNA, RNA, and protein synthesis at nonpermissive temperatures (185) (186) (187) . GroEL forms a cylindrical 25S particle with sevenfold rotational symmetry composed of 14 subunits (188, 189) . In electron micrographs these particles appear remarkably similar to those formed by the small hsps of eukaryotic cells.
Two other E. coli proteins were originally identified as essential for the growth of phage lambda, dnaJ and grpE. DnaJ is a 37-kd protein that migrates as a dimer in nondenaturing gels (183) . It binds with no apparent specificity both double-and single-stranded DNA. It is required for lambda DNA replication, and appears to interact with lambda P protein and with the host proteins, dnaB and dnaK. DnaJ has a basic pI of 8.5, and is quantitatively associated with membranes in cell-fractionation experiments. The grpE protein has an apparent molecular mass of 23.5 kd. When affinity columns of dnaK are washed with high salt and eluted with ATP, highly purified grpE protein is released (M, Zylicz, personal communication). Again, the cellular functions of these proteins are not clear.
The ATP-dependent Ion protease is a heat-shock protein of 94 kd (I 90). It believed to play a major role in the degradation of abnormal proteins and in regulating the turnover rates of certain normal cellular proteins (191) (192) (193) . Recall that ubiquitin, a recently identified eukaryotic hsp, has a similar cellular Annual Reviews www.annualreviews.org/aronline function. Lon mutants are extremely pleiotropic. Among other things, they accumulate large quantities of mucopolysaccharides, have an abnormal SOS response, and have a decreased ability to lysogenize phage lambda (194) (195) (196) .
One of two E. coli lysyl-tRNA synthetases, lysU, is also a heat-shock protein (197, 198) . This is the only amino acyl-tRNA synthetase activity in E. coli known to be encoded by two different genes. Its reputed ability to participate in the formation of the various phosphorylated nucleotides known as alarmones suggests it may participate in the regulation of a variety of stress responses.
Synthesis of the sigma 7° subunit of RNA polymerase, rpoD, is also induced by heat shock. It is a 70-kd protein that associates with core polymerase, conferring upon it the ability to bind to normal cellular promoters and initiate RNA synthesis (199--201) . Why is this subunit induced by heat shock, but not the other polymerase subunits? Evidence suggests that rpoD and rpoH, the heat-shock sigma factor, compete for polymerase and thereby determine the specificity of transcription. Thus, it may be that transcription of sigma 7° is required both to turn off transcription of heat-shock promoters and to reestablish the transcription of normal promoters in transient heat-shock responses.
RNAs Induced by Heat
In most cells, the heat-shock response is transcriptionally regulated, and messages coding for the hsps are induced 10-to 1000-fold. There are, in addition, a few RNAs of unknown function that accumulate in heat-shocked ceils at high levels. Such RNAs have been characterized only in a few organisms, but they may well be a common phenomenon.
The chromosomal locus 93D is one of the largest heat-shock puffs in D. melanogaster (2) . Similar large puffs, distinguished by the presence of unusually large RNP particles, have been found in other Drosophila species (202, 203) . Clones have been characterized from 93D in D. melanogaster (204) and from the analogous locus 2-48C in D. hydei (205) . In both cases, the transcribed region is very long. It is made up of short, imperfect repeats of 280 and 115 bp respectively, with considerable sequence divergence between the two species. The transcribed region includes sequences adjacent to and interspersed with the repeats. Curiously, much of the RNA produced by these puffs is confined to the nucleus, heterogeneous in size, and not polyadenylated (206) . Its function unknown. Fruit flies carrying overlapping deficiencies of 93D are viable, and have a normal heat-shock response (207) . That it has some function is conjectured from its common occurrence. A locus of similar morphology exists in Chironomus as well (208) .
Another heat-inducible RNA, but one which is presumed not to have a cellular function, is the a/3 sequence. It, too, is found in D. melanogaster, where it is transcribed from tandemly reiterated genes at the chromosomal locus Annual Reviews www.annualreviews.org/aronline 87C, one of two loci containing genes for hsp70. Transcripts of different lengths, containing various numbers of repeats, are produced (209) . The sequence is also found at the chromocenter, but here it is not transcribed. Since the sibling species D. simulans contains the chromocenter sequence but not the heat-inducible sequence, the latter is judged not to to be functional. Presumably, the element transposed into the heat-shock locus at 87C in D. melanogaster, where it picked up heat-shock promoter sequences (210) .
Another transposon with heat-shock promoter sequences has been found in Dictyostelium (211, 212) . The element is 4.7 kb long, with 330-bp terminal repeats and three long open-reading frames, a structure similar to the transposable elements of many organisms. It is repeated 40-50 times in the Dictyostelium genome. That transposon-like sequences are heat-inducible in two such divergent organisms suggests it may be a more common phenomenon, perhaps of evolutionary significance. However, it is certainly not universal. The yeast transposable element, TY-1, is not associated with heat-inducible promoters and is repressed by heat shock (36) .
Several small nuclear RNAs that are induced by heat, or at least not repressed, have been observed in Drosophila. One of these is 5S ribosomal RNA, whose processing is disrupted by heat (213) . Another is U1 RNA (214).
OTHER INDUCTIONS OF HSPs
Developmental Inductions
The best documented examples of heat-shock gene expression during the normal course of development are found in Drosophila. (a) Messages for hsp26, hsp 28, and hsp83 are induced at high levels in ovarian nurse cells and passed into the developing oocyte (215) . Hsp70, 68, 22, and 23 messages are not produced and cannot be induced at this time, even with a heat shock. (b) Hsp22, 23, 26, and 28, are also induced at the late third instar larva/prepupa stage of development (216, 217) . Relative levels of induction differ from those in heat-shocked cells but, again, the induction is most notably distinguished from heat shock in that hsp70 is not produced. The trigger for this induction is believed to be the molting hormone ecdysone, which reaches a peak in late third instar larvae. Ecdysone induces synthesis of the same proteins in tissue-culture cells (218) .
Ecdysone-resistant cell lines do not produce the proteins when exposed to the hormone, but are fully capable of producing all of the hsps in response to heat (219) . This suggests the two forms of induction are independently regulated. That this is indeed the case has recently been demonstrated for both the ovarian induction and the prepupal induction by analysis of genes containing varying amounts of 5' sequence transformed into the Drosophila germ line. Sequences responsible for ovarian induction of hsp26 lie in a region from 522 to 352 bases Annual Reviews www.annualreviews.org/aronline upstream of the start site of transcription, while sequences responsible for heat-shock induction are located between 341 and 14 (220) . Similar experiments have been performed with the hsp28 gene. Here, sequences responsible for 80% of heat-induced synthesis map more than 1.1 kb upstream of the gene, while sequences responsible for prepupal induction map within 227 bases of the gene (221) .
Certain hsps appear to be constitutively produced in the early embryos of other organisms. For example, in eight-day mouse ectoderm and in embryonal carcinoma cells two prominent proteins of 89 and 70 kd appear, which have the same electrophoretic mobilty on 2-D gels as hsps. Unfortunately, it is not clear whether these are identical to the heat-inducible proteins or other members of the same families (222) . While hsps are not inducible in germinating pollen tubules, two proteins of 70 and 72 kd, with mobilities identical to two hsps, are present in high concentrations (223) . (A remarkable developmental induction of hsp70 rnRNA in Xenopus oocytes will be discussed in the REGULATION OF THE RESPONSE section below.)
Reminiscent of the Drosophila oocyte induction, mRNAs for hsp26 and 83 accumulate to high levels as yeast cells approach stationary phase and enter sporulation (75a, 160,224). Hsp26 accumulates to become a major Coomassiestainable protein in these cells. Furthermore, two members of the hsp70 family, detected with a cross-reacting monoclonal antibody, accumulate to high levels. This, too, is paralleled in Drosophila, as a protein detected by the same antibody accumulates in ovaries (75a; K. Palter, E. Craig, personal communication).
Particularly interesting cases of developmentally regulated hsp expression have been described in two types of dimorphic pathogens, the trypanosomatid protozoans Leishmania and Trypanosoma, and the fungus Histoplasrna capsulatum. The nonparasitic forms of these organisms grow at -25°C. They are induced to differentiate into their pathogenic forms at high temperatures. The first change in gene expression detected during this transition is the synthesis of hsps (225) (226) (227) (228) . Virulent strains ofH. capsulata induce hsps and differentiate into pathogenic yeast forms at higher temperatures than avirulent strains (G. Medoff, B, Maresca, personal communication).
Other Inducers
The earliest studies of heat-induced puffs in Drosophila demonstrated that they could be induced by a variety of other stress treatments. Most of these interfered with oxidative phosphorylation or electron transport, so it was inferred that the induction served to protect cells from respiratory stress. Heat shock was presumed to increase rates of metabolism and act through the same mechanism (230). Several lines of evidence now indicate that this simple notion is incorrect. First, a large number of other agents, with no specificity for respiraAnnual Reviews www.annualreviews.org/aronline tion, also induce the response. Second, yeast mutants that are respirationdeficient nevertheless produce hsps in response to high temperatures (62) . Third, hsps do not concentrate in mitochondria. In fact, electron-microscopic autoradiograms of Drosophila cells reveal mitochondria as clear islands in a black sea of autoradiographic grains (231). This is not to say that mitochondrial respiration is irrelevant. Respiration-deficient yeast cells do not recover from heat shock at high temperatures. In other fungi, heat shock transiently inhibits respiration. Furthermore, some of the small hsps of plant cells appear to localize to mitochondria (234) . A connection must exist, but its nature unclear at present.
Many inducers of hsps are effective across a broad range of species. Ethanol induces hsps in mammalian cells (232) , yeast (233) , E. coli (68) . Sodium arsenite induces the proteins in Drosophila (I 54), mammalian cells (232), trout (58) , and soybeans (234) . Cadmium induces Dro sophila (235) , mam malian cells (236) , and soybeans (234) . However, there are many species-specific differences. Ethanol, sodium arsenite, and cadmium do not induce hsps in Dictyosteliura (239) . Anaerobiosis, and recovery from anaerobiosis, induce hsps in many organisms, but in plants anaerobiosis induces a different group of proteins (238) . Many inducers--zinc, copper and mercury ions, sulfhydryl reagents, calcium ionophores, steroid hormones, chelating agents, pyridoxine, methylene blue, glucosamine, deoxyglucose, and a variety of DNA and RNA viruses--have only been tested on a few cell types. (See 237 for a recent compilation.)
Is There a Common Mechanism?
As we have already seen, the developmental and heat-shock inductions of hsps are independently regulated. What about the inductions by various forms of stress? Do they all work via the same mechanism, and, if so, what is it? From the earliest studies to the present, the plethora of inducing agents has presented a challenge to advocates of a universal mechanism. Many of the agents are so diverse in their effects on cell physiology that it is difficult to envisage them all provoking the same trigger. Over the years several theories have been advanced, but, as new data have accumulated, these have all broken down. A recent, particularly promising example will serve to illustrate. An unusual class of phosphorylated dinucleotides, AppppA, ApppGpp, AppppG, and AppppG and ApppA, together termed alarmones, have been shown to accumulate in E. coli and Salmonella typhimurium within minutes of heat shock (240) . The same nucleotides accumulate in response to ethanol and hydrogen peroxide, both of which induce hsps, and it has therefore been proposed that the alarmones are the trigger for the heat-shock response. However, these experiments were done with a severe heat shock, from 28°C to 50°C. Less severe heat shocks, 28°C to 42~C, and treatment with other agents, such as nalidixic acid, induce hsps, but Annual Reviews www.annualreviews.org/aronline do not appreciably induce the alarmones (R. VanBogelen, F. Neidhardt, personal communication; see Figure 3) . Furthermore, the kinetics of the induction do not fit the model. The heat-shock response is transcriptionally activated in E. coli in less than one minute; within five minutes, synthesis of heat-shock messenger RNAs has already begun to decline. Accumulation of the alarmones appears to peak between 5 and 15 minutes. Variations in the model can be evoked to fit these circumstances. In its simplest form, however, it is beginning to appear less probable.
It may be that the challenge will not be answered, that there will be no universal inducer. It has long been noted that many agents induce only a selected subset of the hsps, Recent data from Neidhardt and VanBogelen, in Figure 3 , illustrate for E. coli. While this points to independent regulation, in and of itself it is not compelling. It might be that different genes have different affinities for the "master regulator." Thus, if some agents caused only a moderate increase in its activity, only those genes with a particularly high affinity for it would be activated. Furthermore, heat-shock messages and proteins might have different turnover rates under different conditions. All the genes might be transcriptionally activated, but differential turnover could produce different patterns of accumulation. However, recent experiments indicate that, in a few cases at least, the heat-shock genes are subject to independent systems of activation by stress.
A case in point is the oxidative stress regulation system of S. typhimurium, discussed above. Dominant mutations, selected for resistance to killing by hydrogen peroxide, map to the oxyR locus and constitutively overexpress nine of twelve oxidative stress proteins and three hsps (24 I). Two of the three, D64a and E89, can be further induced by heat in these strains; the third, F52a, cannot. On the other hand, recessive deletion mutants of oxyR are noninducible for the nine oxidative stress proteins, yet all of the hsps, excepting only F52a, are still inducible by heat. Thus, oxyR is a positive regulator for nine oxidative stress proteins and for three hsps, D64a, E89, and F52a. It may be the only regulator for F52a, but D64a and E89 must have an additional mechanism of induction that operates during heat shock, probably through an rpoH system (see below).
Another case is presented by one of the hsp70 genes of human cells that is induced by heat, cadmium, the adenovirus Ela protein, and by the addition of serum to serum-starved ceils. Through analysis of recombinant DNA clones (110) , sequences responsible for cadmium and heat-shock induction have been mapped 107 to 68 bases upstream of the transcription start site. Sequences responsible for serum stimulation (and possibly Ela induction, as well) have been mapped 58 to 47 bases upstream of transcription. Although the cadmium and heat-shock inductions were not separated in this study, it is noteworthy that the region delineated as sufficient for their induction contains both a heat-shock Annual Reviews www.annualreviews.org/aronline consensus element (see below) and, separately, a metallothionein consensus element.
It is too early to tell how many inducers will act via the same mechanism as heat shock itself. It is quite possible, even probable, that several of them will. The question remains: what is the trigger for this induction?
GENOME ORGANIZATION
The heat-shock genes of both eukaryotic and prokaryotic organisms are scattered at various chromosomal locations. Some related genes are clustered, some are interspersed with independently regulated genes. Fairly complete pictures are available for D. melanogaster and E. coli. Data from other organisms are still very incomplete and will not be presented here. A remarkable feature of the heat-shock genes, one common to all organisms, is an absence of intervening sequences. This will be considered again below (See REGULATION OF THE RESPONSE, RNA Processing).
The location of the heat-shock genes in Drosophila was apparent from their initial description as puffs on polytene chromosomes (3). Individual coding sequences were first mapped to these sites by in situ hybridization of heatinduced messenger RNAs (8, 9, 242) , and the locations confh'med and extended by the analysis of cloned genes and deletion mutations (10) (11) (12) (13) (14) (15) (16) (17) (18) .
Genes for hsp70 are present in five copies per haploid genome, two at chromosomal site 87A, and three at 87C on the right arm of chromosome three. The genes at 87A are arranged head-to-head, with ~1.7 kb of spacer DNA between them. Two of the genes at 87C are in tandem, separated from the third, in divergent orientation, by -38 kb of DNA containing the repetitious sequences described earlier (11-13, 16, 17,209) . The nucleic acid sequences of genes at the two loci indicate 97% identity in the protein-coding sequence and additional homology extending for -400 bp upstream of transcription initiation (41, 243) . Divergence appears to be kept in check by gene conversion. Restriction-enzyme polymorphisms at the two loci indicate that the hsp70 genes within a species are more similar to each other than would be expected if they were evolving independently (34) . The gene for hsp68 has --85% homology with the hsp70 genes and is located at 95D (15) .
Genes for the other hsps are located on the left arm of the third chromosome. All four of the small hsps are encoded at locus 67B, within a 7 kb-stretch of DNA in the order hsp28, hsp23, hsp26, hsp22 (20) (21) (22) . Each gene has its own promoter, with hsp26 transcribed in the opposite direction to the other three. At least three other genes are encoded at this locus, one between the genes for hsp23 and hsp26, and two others on the far side of the hsp22 gene. These are expressed at normal temperatures and are developmentally regulated (145, 217) . Hsp83 coding sequences are found at 63BC.
HEAT-SHOCK RESPONSE 1173
Seven of the E. coli hsps have been mapped. The groE genes are part of the same operon, promoter-groES-groEL, at 94 minutes on the circular 100-minute E. coli chromosome (181, 183) . The genes for dnaK and dnaJ form an operon with two heat-inducible promoters located 115 and 40 bp upstream of the dnaK transcription start-site (201, 244, 245) . The gene for sigma factor, rpoD, is part of an operon that also contains the genes for ribosomal protein $21, rpsU, and DNA primase, dnaG, in the order rpsU-dnaG-rpoD at 67 minutes (246) . Heat-inducible transcripts of rpoD are initiated from a promoter located within the dnaG gene (247) . The heat-inducible isoform of lysyl-tRNA synthetase, lysU, is in close proximity to the gene for lysine decarboxylase, cadA, at 93 minutes (198) . Lysine decarboxylase is not heat-inducible, but the two genes are coinduced under other conditions. The lon gene is found at 10 minutes.
REGULATION OF THE RESPONSE
A striking feature of heat-shock gene expression is that the responses of different organisms and, indeed, of different cell types within an organism are regulated in different ways (49) . In E. coli (248) and in yeast (36, 249) , response is controlled primarily at the level of transcription. In Drosophila, regulation is exerted on both transcription and translation (8, 9, 35, 36) . Xenopus, the response of somatic cells is controlled primarily at the transcriptional level, the response of oocytes at the translational level (250), These differences make perfect :biological sense. Messenger RNAs have half-lives on the order of 6-9 hours in Drosophila. Thus, to effect a rapid change in protein synthesis, Drosophila cells must block the translation of pre-existing messages. Yeast and E. coli ceils do not have this problem. Given the larger size of the organism, it is unlikely that Xenopus would need to respond as rapidly as Drosophila to an increase in environmental temperature. Accordingly, somatic cells .rely primarily on transcriptional mechanisms (87) . Oocytes, however, face a special problem. Given the enormous size of these cells, with their large store of messenger RNAs and their single tetraploid nucleus, it is estimated that they would require 10-100 days to synthesize an effective quantity of heatshock messenger RNA (250) . The hsp70 gene is therefore constitutively transcribed but translationally repressed, ready to be activated in the event of exposure to heat. Transcription EUKARYOTES m common regulatory mechanism appears to control the transcription of all eukaryotic heat-shock genes. When the Drosophila genes and their 5' flanking regions, are introduced into mammalian cells andXenopus or sea urchin oocytes, they are activated at temperatures appropriate to those Annual Reviews www.annualreviews.org/aronline organisms (27, 28, 251, 252) . Thus, the genes carry the information required for their activation, but this information is not acted upon by temperature in a self-sufficient way. It depends upon trans-activating mechanisms that are induced by stress in the host cell. Both elements in this regulation have now been identified.
Sequence analysis of the Drosophila heat-shock genes early revealed striking homologies in their 5' upstream sequences, homologies postulated to serve in transcriptional activation (41, 41a, 46) . Deletion analysis mapped the activation site more precisely, to a consensus element located (on the hsp70 genes) between 47 and 66 bp upstream of transcription initiation (27) . A synthetic promoter sequence, derived from this consensus region, is sufficient for heatinducible transcription in heterologous systems (28). The heat-shock genes all organisms analyzed to date have similar sequences in their 5' regions. The sequence of the consensus element (HSE) is rotationally symmetric, C--GAA TTC--G, and is generally located 1.5 helical turns upstream of the TATA box (253) . HSEs from several organisms are presented in the top Figure 4 . 
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Chromatin-mapping studies of the heat-shock genes indicate that they are found in an open configuration at normal temperatures, as if poised for immediate activation, with multiple hypersensitive sites at their 5' ends (23) (24) (25) (26) (254) (255) (256) . The hsp70 and hsp83 genes have two prominent hypersensitive sites; the hsp22, 23, 26, and 28 genes have four or five sites. In all of the genes, hypersensitive sites bracket, and sometimes extend into, the HSE. Upon heat shock, the chromatin structure changes profoundly. First, the coding region becomes more accessible to nucleolytic attack. Second, the position and number of hypersensitive sites changes (25, 254, 256) . Most notably, regions centered around the HSE become refractory to digestion, denoting the binding of protein. Certain hypersensitive sites in front of the small heat-shock genes, however, are not affected by heat. Presumably, these are related to developmental regulation. For hsp26, they are upstream of the HSE; for hsp28, downstream. These are the relative positions of the developmental-regulation sequences mapped by deletion analysis (220, 221; see Developmental Inductions, above).
A heat-shock transcription factor (HSTF) that binds to the HSE in vivo and vitro has been isolated and characterized (29) (30) (31) (32) (33) . In in vitro transcription assays it promotes the transcription of heat-shock genes, but does not affect the activity of other genes. In DNA-footprinting studies, it protects the consensus element and surrounding sequences from nucleolytic digestion, consistent with the above-mentioned chromatin digestion experiments. HSTF can be isolated both from heat-shocked cells and from cells grown at normal temperatures. Though more active when isolated from heat-shocked cells, the difference in its activity is 10-to 50-fold less than the difference in in vivo transcription activity. It may be that HSTF is partially activated during purification, or that it requires either additional factors or a particular type of chromatin structure for full activity. Evidence for at least one additional factor, which binds the TATA box, has been obtained (32) .
A single consensus element is sufficient to confer heat-inducible transcription on exogenous genes in heterologous, high--copy number systems (27, 28) . It is striking, however, that most heat-shock genes characterized to date contain multiple consensus elements. There are a total of four HSEs in front of one of the Drosophila hsp70 genes. As transformation experiments demonstrate, full transcriptional activity in Drosophila cells requires at least the two most proximal sites (257, 258 ). An explanation is found in the work of Parker and colleagues, which shows that the binding of HSTF to these sites is cooperative (259, 260) . Alkylation and protection experiments map the HSTF contact sites to HSE residues, and indicate that contact points in site I change when site 2 is filled. In vitro transcription assays confirrn the importance of cooperative binding. DNAs containing sites 1 and 2 were transcribed much more efficiently than those containing either site alone.
The transcription of heat-shock genes is also negatively regulated (56, 57, 261) . When hsps have accumulated to a specific level, a level that is proportional to the the severity of the heat treatment, further transcription is repressed. In Drosophila, the evidence indicates that hsp70 is the critical element in this regulation (57), but it is not known whether it acts directly indirectly. Findings from two other organisms suggest it may be a universal feature of heat-shock regulation: (a) deletion of two hsp70 genes in yeast, YGIO0 and YG102, results in constitutive synthesis of other hsps (104, 106) , and (b) dnaK, the hsp70 analogue of E. coli, is required to repress the heat-shock response in this organism (262) .
PROKARYOTES The promoter sequences of several E. coli heat-shock genes have been identified by mapping the 51 ends of their messenger RNAs, the presumed start sites of transcription (201) . Comparison of the sequences reveals two consensus elements, in the -35 and -10 regions: TNtCNCcCTTGAA and CCCCATtT, respectively (See Figure 4) . Different consensus sequences in the -35 and -10 regions of other E. coli genes, TTGA-CA and TATAAT, respectively, are crucial for transcriptional activation by sigmaT°-RNA polymerase. The sequence TTGA is shared by both the heat shock and the sigma 7° promoters in the -35 region, but there is nothing in common in the -10 region (201) .
The transcription activating factor that operates on the heat-shock consensus sequences was first identified by an amber mutation, htpR165 or hin165, carried in a strain with a temperature-sensitive suppressor (263, 264) . At high temperatures, hsps were not induced and the cells died. The gene was cloned, mapped to 76 minutes on the E. coli chromosome, and shown to encode a 33-kd protein (51) . Remarkably, sequence analysis revealed it has homology to the polymerase subunit sigma 7°, although it is only half the size of that protein.
That htpR is an alternate sigma factor, the first such identified in E. coli, was demonstrated by isolation of the protein and characterization by in vitro transcription assays. The protein has therefore been renamed sigma aa, the gene, rpoH (50) .
The regulation of sigma 3z is complex. Changes in both the concentration of the protein and its activity appear to be important (265) . Furthermore, the concentration can itself be affected by at least two mechanisms, that is, by a change in synthesis or by a change in stability. The concentration of sigma 32 mRNA is increased by heat shock (C. Georgopoulus, personal communication). How this is effected, however, is unclear, since rpoH apparently does not have a heat-shock promoter (C. Gross, C. Georgopoulus, personal communication). The protein normally has a very short half-life, on the order of a few minutes, but this is prolonged in dnaK mutations (C. Georgopoulus, C. Gross, personal communication). Negative regulation of the response by dnaK (262) Annual Reviews www.annualreviews.org/aronline may work by sigma factor degradation. The activity of sigma 32 is also affected by changes in the concentration of sigma 7°, presumably through competition for core polymerase or holoenzyme. Competition between these factors might explain why increased transcription of heat-shock genes is accompanied by decreased transcription of normal messages.
Translation
Heat treatment of Drosophila cells produces the most dramatic changes in translational specificity yet described. Within ten minutes of a shift from 25 to 37~C, normal polysomes virtually disappear (8) . This is not brought about by general inhibition in protein synthesis. When heat-shock mRNAs appear, they are translated with very high efficiencies (53) . Pre-existing messages are not degraded in this process, but are retained in the cell, and reactivated during recovery (35, 36, 56, 57, 266, 267) . The existence of similar translational mechanisms has been reported in many organisms, including sea urchins (85) , slime molds (59, 239) , nematodes (268) , soybeans (91), corn plants (71), tomatoes (237) , but the Drosophila response is the only one that has been characterized in detail.
High temperatures are important in establishing this response. Many inducers can activate the change in transcription, few the change in translation. A simple explanation, then, would be that temperature itself is the mechanism. If messages required a certain secondary structure for translation, heat might melt this structure in normal messages, but not in heat-shock messages. That this is not the case has been demonstrated in several ways. First, when heat-shock and control messages are mixed and translated in reticulocyte lysates, no difference in specificity is observed at various temperatures. Second, when heat-shocked cells are returned to normal temperatures, they do not immediately revert to normal patterns of protein synthesis (36) . Rather, hsps are synthesized exclusively until a specific quantity of protein has accumulated (57) . Most notably, translation lysates prepared from heat-shocked Drosophila cells retain the ability to discriminate between the two classes of messages, while lysates prepared from control cells do not (35, 267, 269) . Thus, high temperatures act as the trigger, not the effector.
It has been known for some time that heat-shock messages have several distinctive structural features that might be used for recognition by the translational machinery of heat-shocked cells. They have unusually long 5' untranslated leader sequences that are rich in adenosine residues, have little secondary structure, and have conserved sequences in the middle and at their 5 ẽ nds (46) . Recently, it has been demonstrated that these leaders do contain the signal for recognition, but its nature is unclear. Deletions and insertions in the leaders can convert the messages, so that they are translated only at low Annual Reviews www.annualreviews.org/aronline temperatures. However, simple deletions of the conserved elements have only small effects (270, 271) .
The mechanism by which ribosomes are able to use the information in the leader to discriminate between heat-shock and normal cellular messages is also unclear. Fractionation of cell-free lysates produces conflicting results. In some cases discrimination activity fractionates with ribosomes, while in others with the superuatant (269, M. Saunders personal communication). It may be loosely bound factor. Changes in ribosome-protein composition and modification have been reported (272) (273) (274) , but no experiments have demonslxated that these changes are effective in altering translational specificity. In other systems, evidence suggests that the cytoskeleton is associated with the translational machinery (275) . Elements of the cytoskeleton are disrupted by heat-shock (276) but the importance of this phenomenon in translational regulation has been questioned, at least for mammalian cells (277) . It is not even clear what step in protein synthesis is effected. The rapid disappearance of polysomes suggests initiation is the crucial step (8, 278) , but there is also evidence suggest that control is exerted at the level of elongation (279, 280) .
A further mystery is, what governs the return to normal patterns of translation after heat shock? When hsps have accumulated in sufficient quantities, the translation of pre-existing messages is restored and the translation of heat-shock messages is repressed. Unlike heat-shock induction, recovery is a very gradual process (56, 57, 281, 282) . There is no sudden change in specificity. The synthesis of hsps (hsp70 appears to be particularly important) is required restore normal protein synthesis (57, 281, 282) . Since the rates of protein synthesis are high in heat-shocked Drosophila cells (53) , hsps are probably required to effect a change in specificity, rather than to repair heat-induced damage to the translational machinery (57) .
RNA Processing
Of the 70 or so heat-shock genes that have been cloned and analyzed, only two have been found to have introns, the hsp83 gene of Drosophila (46, 128) and one of the small hsp genes of nematodes (147). Considering how rare it is for the genes of higher organisms not to have such interruptions, it is almost certainly of functional significance. An obvious possibility, and one in keeping with the emergency nature of the response, is that this feature has been deployed to ensure that the proteins will be made as rapidly as possible. But this appears not to be the only reason.
Hsp83 has a pattern of expression that is distinct from that of other hsps: it is produced at moderately elevated temperatures, but not at high temperatures (52) . The block in synthesis at high temperatures is not due to a failure translation. When cells are heat shocked at moderate temperatures, and then shifted to high temperatures in the presence of actinomycin, hsp83 mRNA is Annual Reviews www.annualreviews.org/aronline translated with high efficiency (52) . Rather, the block appears to be due to failure in RNA processing. The hsp83 gene is abundantly transcribed at high temperatures, but intervening sequences are not removed from its RNA. Furthermore, when the intron-containing gene for alcohol dehydrogenase is placed under the control of a heat-shock promoter, this RNA too accumulates as an unspliced precursor (282a) . Thus, at high temperatures, there is a general block in intron processing. The absence of introns in most heat-shock genes allows their messages to circumvent this block.
What causes the block in processing is not known. Heat shock has been reported to disrupt hnRNA structure (119) . However, conflicting results have also been published (118, 257) . The discrepancies between these reports may originate from the fact that the block in processing occurs only at extreme temperatures. Interestingly, mild heat treatments, which induce the synthesis of hsps, potentiate processing under otherwise restrictive conditions (282a). present it is not clear whether hsps play a direct role in RNA processing or a more general role in preserving nuclear structure. Hsps have been reported to associate with hnRNA (118) . However, this may simply be a consequence their very high nuclear concentrations (108, 151, 152) .
TOLERANCE TO HEAT AND OTHER FORMS OF STRESS
It is a natural and widely held assumption that the purpose of the heat-shock response is to protect organisms from the toxic effects of heat and other forms of stress. There is a great deal of evidence to support this notion. The proteins are induced in different organisms at different temperatures, but in each case, the temperatures correspond to the upper portion of the organism's natural growth range. More compellingly, the induction of the proteins coincides with the acquisition of tolerance to more extreme temperatures. Evidence in conflict with this notion does exist, however. Interpretations are complicated by the fact that some of the proteins are likely to play important roles in normal physiology as well as during heat shock. Moreover, resistance to high temperatures is probably mediated not only by the synthesis of hsps, but by other mechanisms as well.
Heat-Induced Lethality and Thermotolerance
A simple design is common to many experiments testing the hypothesis that hsps provide protection from high temperatures. A group of cells or organisms is split into two identical sets. One is shifted directly to an extreme temperature, and the kinetics of lethality are then measured. The other is incubated at a more moderate elevated temperature, thereby inducing the synthesis of hsps, and is then exposed to the same extreme temperature as was the first set. A dramatic increase in survival, often of at least two orders of magnitude, is observed in the second set.
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Thermotolerance experiments of this type have been performed on a broad range of organisms at various stages of development and on cultured cells grown under many different conditions. Examples include mammalian tissueculture cells (232, 236, (283) (284) (285) (286) , whole mice (287), Drosophila embryos, larvae, pupae, and adults (82, 83, 108, 288) , slime molds (59), sea urchin embryos and plutei (85, 88) , and yeast cells (264, 289) .
Of course, many protective accommodations in cell physiology and structure might be made during the conditioning incubation at moderate temperature, accommodations that may be only coincidentally related to the induction of the hsps. But several lines of evidence suggest that the synthesis of hsps is the crucial element.
1. Conditioning heat treatments can be replaced by treatments with a wide variety of agents having the common property of inducing hsps at normal temperatures: ethanol, hypoxia, sodium arsenite, and cadmium chloride, to name a few. Such agents do not induce heat-shock proteins in all organisms, but, in those in which they do, they also induce thermotolerance (108, (232) (233) (234) . (The converse is also true. Heat shock induces tolerance to ethanol, anoxia, and several other forms of stress.) On the other hand, when hsps are induced by amino-acid analogues that become incorporated into proteins, thermotolerance is not observed (236) . This is an exception that supports the rule. Hsps produced under these conditions do not assume their characteristic intracellular distributions. Their functions have been disrupted by incorporation of the analogue (57).
2. The kinetics of thermotolerance induction, under many different conditions, are tightly correlated with the kinetics of heat-shock protein synthesis and reach a maximum when the accumulation of hsps plateaus (285, 286, 290) . Li has carefully quantitated the data from several different types of experiments. The concentration of hsp70 shows the best correlation with thermotolerance (290).
3. The decay of thermotolerance coincides with the degradation of bsps. When heat-shocked cells are incubated for extended periods at normal temperatures, they gradually lose the ability to survive exposure to extreme temperatures. At the same time, and with similar kinetics, hsps are degraded (285, 290) .
4. At the stages in development in which hsps cannot be induced, organisms are extremely sensitive to heat, and thermotolerance cannot be induced. This is most carefully documented during the embryonic development of fruit flies (82, 83) , sea urchins (85, 88a) , frogs (88) , and mammals (88a, 89, 90, 291) . (See Comparison: Different Organisms and Stages of Development, above.) It is also noteworthy that sperm development in many organisms is extremely sensitive to high temperatures. In Drosophila, it has recently been found that primary spermatocytes are one of the very few cell types in the adult that do not respond to high temperatures by inducing hsps (292) . Annual Reviews www.annualreviews.org/aronline 5. Mammalian cell lines and yeast mutants selected for their ability to survive exposure to high temperatures, without conditioning pretreatments, constitutively produce hsps. A Chinese hamster fibroblast cell line constitutively produces hsp70 at much higher levels than the parental line (293) . yeast mutant, hsrl, synthesizes two 48-kd hsps (enolase isoforms) and two other proteins of 73 and 56 kd (173,294).
6. Mutants, initially characterized as unable to acquire thermotolerance, are defective in hsp synthesis. In E. coli, cells carrying amber mutations in the positive regulatory factor sigma 32 (variously known as hin, htpr, and rpoD) are unable to produce hsps at nonpermissive temperatures and die. In Dictyosteliurn, a mutant that is unable to synthesize the small hsps at high temperatures is also unable to acquire thermotolerance (239).
7. When cycloheximide is added to cells immediately before heat shock, blocking the synthesis of hsps, the acquisition of thermotolerance is also blocked (249, 295) .
There are a number of contradictions in the literature. One investigator has reported that the addition of cycloheximide to yeast cells did not prevent the induction of thermotolerance (296) . However, it was not clear how effective the drug had been in blocking protein synthesis, Other contradictions concern which proteins are essential in establishing thermotolerance. Certain experiments support the notion that the small hsps are important, as in the case of the Dictyostelium mutant described above. Also, ecdysone induces both thermotolerance and small hsps in Drosophila (300). On the other hand, yeast cells that carry deletions of hsp26, the major small hsp gene, have normal thermotolerance (159a), and Drosophila embryos that constitutively synthesize small hsps are, nonetheless, extremely thermosensitive (82, 215) . Another case point is the isolation of two melanoma cell lines with widely different levels of thermotolerance but no qualitative or quantitative differences in hsp synthesis (297) .
A particularly interesting line of research concerns the change in thermotolerance that accompanies transformation. Hyperthermia, administered in conjunction with ionizing radiation, is becoming an important tool in cancer therapy (see 298 for review). The basis of the method is that transformed cells are more susceptible to the toxic effects of heat than are their untransforrned counterparts, both in tumors in vivo and in cultured cells in vitro. It has recently been found that transformation of mouse embryo cells with SV40, while increasing their sensitivity to heat, also causes them to produce higher levels of hsps both at normal temperatures and after heat shock (299) . The implication that hsps are not providing these cells with thermotolerance; the question is, would they be even more sensitive to heat without the hsps?
Overall, a great many experiments support the notion that hsps are crucial to the induction of thermotolerance. It seems almost certain that they are. However, the physiological effects of heat are complex. Cells in different states of Annual Reviews www.annualreviews.org/aronline metabolism and in different stages of differentiation may be killed by different mechanisms. Furthermore, the causes of lethality by short-term exposures to extreme temperatures may be different from those caused by long-term incubations at moderately high temperatures. Different proteins may be involved in protecting cells from these different toxicities. Finally, cells have diverse mechanisms for coping with high temperatures; the adjustment of membrane fluidity is a salient example. If the state of metabolism or differentiation should block these other mechanisms from coming into play, the synthesis of hsps would be irrelevent.
Phenocopies
Determining the specific causes of heat-induced lethality and elucidating the molecular mechanisms of protection will not be easy, especially because these phenomena are likely to vary from cell to cell. The molecular mechanisms of phenocopy induction and protection are more amenable to analysis. Dead cells, like dead men, tell no tales. But tissues involved in phenocopy induction continue growth and development, and can be analyzed in considerable detail.
PHENOCOPY INDUCTION Phenocopies are nonheritable, environmentally induced anomalies of development that closely mimic mutant phenotypes. The term was coined by Goldschmidt in 1935 to describe a broad range of defects observable in adult Drosophila when their pupae had been subjected to high temperatures at certain stages of development. Such abnormalities can be induced by treatment with chemicals such as ethanol and ether as well as by heat. The phenomenon is by no means limited to insects. Developmental anomalies induced by heat and chemicals have been extensively studied in avian (301) and mammalian embryos (302) (303) (304) . Agents that are teratogenic mammalian cells are also teratogenic in Drosophila and furthermore induce the synthesis of hsps (305) . Thus, there is a direct connection between the two phenomena.
A distinctive feature of phenocopy induction is that it is stage-specific. Stress treatments characteristic.ally lead to developmental defects during periods of rapid growth and morphogenesis--in vertebrates, during embryogenesis, or, in insects, during embryogenesis or pupal metamorphosis. During the susceptible period, narrow windows of development determine the particular type of abnormality later to be manifested. A remarkable example is the production of bithorax phenocopies (four-winged flies) in Drosophila. The stress-sensitive period occurs early in embryonic development, four hours after fertilization, and lasts for only ten minutes (306) . lethality) could be prevented in Drosophila by giving pupae a mild heat shock prior to the more severe inducing treatment (307) . Mitchell & Petersen later determined that such protective treatments induced the synthesis of hsps. Of the many phenocopies that they have described (288, 308) , those affecting hair and bristle morphology have received the most study. The multihair phenocopy is illustrated in Figure 5 . Annual Reviews www.annualreviews.org/aronline produces a single unbranched hair. When pupae are briefly exposed to extreme temperature--40.8°C for 35--40 minutes--multiple and branched hairs are produced. Treatments at different periods in development affect hairs on different portions of the fly, reflecting the fact that different portions of the organism reach the stage of hair morphogenesis at different times. When pupae are exposed to 35°C for 30 minutes prior to the 40.8°C treatment, the phenocopy is prevented and normal hairs are formed. The sensitive period for the production of multihair occurs at a time of rapid changes in protein and RNA synthesis, when the projection of the hair cell produces its outer coat of cuticulin (309, 310) . Shortly thereafter, cytoplasm pushed into the projection to raise the hair. Severe heat treatments disrupt protein synthesis for as long as 16 hours. When it is restored, the normal pattern of gene expression is discoordinate, and cytoplasm is pushed into the hair before gaps in the cuticulin are closed. In animals that have been given a mild pre-shock before the 40.8°C treatment, protein synthesis recovers much more rapidly, and coordination between the two processes is restored.
A recent development is the extension of such studies to mammals. In humans, maternal temperatures greater than 38.9°C occurring during the 21 st to 28th day of gestation are associated with a variety of neural tube defects, including anencephaly, microcephaly, and spina bifida. Raising the temperature of pregnant mice or explanted rat embryos to 42-43°C for short periods produces a similar range of defects (302) (303) (304) . Mild pre-heat shocks, administered before the higher teratogenic exposure, prevent the anomalies (311; G. Chernoff, personal communication). In rat embryos, this pre-treatment has been shown to induce the synthesis of hsp71 and hsp88 in cells of the neural plate and to greatly enhance the recovery of normal protein synthesis (311) .
CONCLUDING REMARKS
A great deal of progress has been made in the decade since molecular studies were initiated. Much remains to be done. The two most important questions, what is the trigger for the induction and what is the function of the proteins, remain. With the extension of investigations to so many different organisms the questions have multiplied. How are different patterns of induction established in different cell types and what are their particular purposes? The answers, it appears, will be not only intellectually satisfying, but also directly relevant to human biology and medicine. ACKNOWLEDGMENTS I am extremely grateful to E. Buckbee and E. Gordon for reviewing the manuscript. Special thanks go to several colleagues for providing me with manuscripts in advance of publication and/or allowing me to cite their unAnnual Reviews www.annualreviews.org/aronline
